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(54) A long-wavelength infra-red vertical cavity surface-emitting laser on a gallium arsenide 
substrate 

(57) A vertical cavity surface emitting laser (VCSEL) 
(101) that generates light having a desired wavelength, 
greater than one micron. The laser comprises a sub- 
strate (127), a lower mirror region (107), an active 
region (125) and an upper mirror region (111). The sub- 
strate consists essentially of GaAs. The lower mirror 
region is adjacent the substrate and is lattice matched 
to the substrate. The active region is sandwiched 
between the upper and lower mirror regions, and 
includes a central quantum well region (155) and a gal- 
lium arsenide layer (138, 140) sandwiched between the 
quantum well region and each of the lower mirror region 
and the upper mirror region. The central quantum well 
region includes a quantum well layer (157) consisting 
essentially of GaN jr As (1 . Jr ). The GaN x As (1 _ x) of the 
quantum well layer has a lattice constant and a band 
gap dependent on x. The value of x sets the bandgap of 
the GaN^As^.jf) of the quantum well layer to a value 
corresponding to light generation at the desired wave- 
length, greater than one micron. Each gallium arsenide 
layer (138, 140) is a layer of a material consisting 
essentially of GaAs or AIGaAs, and is lattice matched to 
the substrate. The quantum well layer may additionally 
include a fraction of indium to lattice match the quantum 
well layer to the substrate. 
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Description 

Field of the Invention 

The invention relates to light-generating semicon- 
ductor devices, and, in particular, to a vertical cavity sur- 
face-emitting laser that generates infra-red light at 
wavelengths greater than one micron and is constructed 
on a gallium arsenide substrate. 

Background of the Invention 

Semiconductor light-emitting devices, such as verti- 
cal cavity surface-emitting lasers (VCSELs), are manu- 
factured using several substrate materials. These 
materials include gallium arsenide (GaAs), gallium 
phosphide (GaP), and indium phosphide (InP). A light- 
emitting device is made by epitaxially growing various 
materials having different bandgaps on the substrate. 
By selecting the appropriate materials, a light-emitting 
device is formed that generates light at the required 
wavelength. However, to obtain high quality light-emit- 
ting devices, the materials grown on the substrate must 
be closely lattice matched to the substrate. If materials 
grown on the substrate are pseudomorphic. i.e.. not lat- 
tice matched to the substrate, the thickness of the layers 
of the grown materials must be limited to prevent dislo- 
cations from occurring in the grown materials. 

Gallium arsenide is the most common, lowest cost, 
and most practical substrate material for use in making 
light-emitting devices. However, due to the require- 
ments that layers of materials grown on the substrate be 
lattice matched to the substrate to prevent dislocations 
in the grown layers, the wavelengths obtainable from 
light-emitting devices made by growing materials in the 
aluminum, indium, gallium, arsenide, phosphide (Alln- 
GaAsP) material system on a GaAs substrate are lim- 
ited to the range from 0.6 urn to 1 .0 urn. 

The glasses used as the core material for the opti- 
cal fibres used in long-haul optical f toer communication 
systems have their maximum transmissivity at infra-red 
wavelengths substantially longer than one micron, i.e., 
substantially longer than the wavelengths that can be 
generated by devices made by growing layers of mate- 
rials in the (AllnGaAsP) material system on a GaAs 
substrate. The most common wavelengths used in long- 
haul optical fiber communication systems are 1 .3 |im 
and 1.55 *im. Light-emitting devices generating light at 
these wavelengths have up to now been grown on InP 
substrates. 

Indium phosphide has several disadvantages as a 
substrate material. First, InP substrates are considera- 
bly more expensive than GaAs substrates of the same 
size. Second, InP substrates are not available in such 
large diameters as GaAs substrates. This results in a 
greater per-device fabrication cost. Third, InP sub- 
strates are more brittle than GaAs substrates, and so 
have greater production costs due to wafer handling 



losses than GaAs substrates. Fourth, VCSELS made 
on InP substrates have inferior performance to VCSELS 
made on GaAs substrates, primarily because distrib- 
uted Bragg reflectors made in materials lattice matched 

5 to InP have a significantly lower reflectivity and electrical 
conductivity than distributed Bragg reflectors made in 
materials lattice matched to GaAs. Aluminum arsenide 
(AlAs) is lattice matched to GaAs, and the large refrac- 
tive index difference between AlAs and GaAs enables 

10 high-reflectivity distributed Bragg reflectors to be made 
using relatively few pairs of alternating XV4n-thick AlAs 
and GaAs layers. In this, A is the wavelength, in vacuo, 
of the light generated by the VCSEL, e.g., 1.3 urn or 
1 .55 urn, and n is the refractive index of the layer. Dis- 

i5 tributed Bragg reflectors made of alternating AlAs and 
GaAs layers are both electrically and thermally conduc- 
tive, and enable high-performance 0.78 |im to 0.98 \im 
VCSELS to be made. However, the much smaller 
refractive index difference between InP and materials 

20 lattice-matched to InP means that a distributed Bragg 
reflector made using InP requires about 40-60 pairs of 
layers to provide the same reflectivity as an AlAs/GaAs 
reflector with 20-30 pairs of layers. The electrical and 
thermal conductivity of distributed Bragg reflectors with 

25 such a large number of layers is so low that adequate 
device efficiency cannot be attained, and the light out- 
put of the device is limited by thermal considerations. 

Accordingly, it is desirable to be able to make light- 
emitting devices that generate light at wavelengths 

30 longer than 1 .0 jim by growing layers of materials on 
GaAs substrates. 

Summary of the Invention 

35 The invention provides a vertical cavity surface 
emitting laser (VCSEL) that generates light having a 
desired wavelength, greater than one micron. The laser 
comprises a substrate, a lower mirror region, an active 
region and an upper mirror region. The substrate con- 

40 sists essentially of GaAs. The lower minor region is 
adjacent the substrate and is lattice matched to the sub- 
strate. The active region is sandwiched between the 
upper and lower mirror regions, and includes a central 
quantum well region and a gallium arsenide layer sand- 

45 wiched between the quantum well region and each of 
the lower minor region and the upper minor region. The 
central quantum well region includes a quantum well 
layer consisting essentially of GaN^As^.*)- The 
Gar^As^) of the quantum well layer has a lattice con- 

so stant and a band gap dependent on x. The value of x 
sets the bandgap of the GaN x As (1 . x) of the quantum 
well layer to a value corresponding to light generation at 
the desired wavelength, greater than one micron. Each 
gallium arsenide layer is a layer of a material consisting 

55 essentially of GaAs or AIGaAs. and is lattice matched to 
the substrate. 

The VCSEL according to the invention generates 
infra-red light at a wavelength greater than one micron, 
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yet is formed on a substrate of GaAs. High quality GaAs 
substrates are readily available, and are more rugged 
and far less expensive than InP substrates. The VCSEL 
includes a lower mirror region of materials that are lat- 
tice matched to the GaAs substrate. Such a lower mirror 
region can be made using GaAs and AlAs. The large 
refractive index difference between these materials 
enables the lower mirror region to have a high electrical 
and thermal conductivity because relatively few pairs of 
layers are required. The VCSEL generates light at a 
wavelength of greater than one micron using a quantum 
well layer of gallium nitride arsenide GaN x As (1 . x j ( where 
x is less than 0.1 . The band gap of this material is suffi- 
ciently low for light generation at such wavelengths, and 
its lattice constant is sufficiently close to that of GaAs 
that a strained thin layer will adopt the lattice constant of 
GaAs without dislocations of the crystal structure occur- 
ring. 

The VCSEL according to the invention generates 
light in a preferred wavelength range between about 1 . 1 
urn and 1 .6 urn, and the value of x is preferably between 
0.01 and 0.1 . With values of x of about 0.03 and 0.04, 
the VCSEL generates light at wavelengths of 1.3 *xm 
and 1.55 ^m, respectively. These wavelengths are the 
most common wavelengths used in long-haul optical 
f iber communication systems. 

The GaN Jf As (1 . X ) of the quantum well layer has a 
critical thickness that depends on the value of x. The 
critical thickness of a strained layer is the thickness of 
the layer at which dislocations of the crystal structure 
begin to occur. The quantum well layer has a thickness 
of less than the critical thickness. 

The quantum well layer may be lattice matched to 
the gallium arsenide layer by the quantum well layer 
being a layer of a material consisting essentially of gal- 
lium indium nitride arsenide Ga(i. / )ln y N x AS( 1 . Jf ). The 
lattice constant and band gap of the Ga( 1 . y )ln y N jr AS( 1 . X ) 
of the quantum well layer depend on x and y. The val- 
ues of x and y set the lattice constant of the Ga^. 
y )ln y N x As (1 . X ) of the quantum well layer to match the lat- 
tice constant of the material of the gallium arsenide lay- 
ers, and set the bandgap of the Ga(i. y )ln y N x AS(i_ X ) of 
the quantum well layer to a value corresponding to light 
generation at the desired wavelength, greater than one 
micron. 

The value of y may be as high as unity, in which 
case the quantum well layer is a layer of a material con- 
sisting essentially of indium nitride arsenide 
Ga( 0 )ln 1 N x AS( 1 . X ). The value of x sets the lattice con- 
stant of the Ga (1 . y) ln y N x AS( 1 . x) of the quantum well 
layer to match the lattice constant of the material of the 
gallium arsenide layers. 

The quantum well layer may alternatively be lattice 
matched to the gallium arsenide layer by the quantum 
well layer being a layer of a material consisting essen- 
tially of aluminum gallium indium nitride arsenide 
AlzGfyi-y-zjtayNjfASti-x)- The lattice constant and band 
gap the Al z Ga( 1 . y . z jln y N x AS( 1 . Jf ) of the quantum well 



layer depend on x, y and Z The values of x, y and z set 
the lattice constant of the AI^Ga( 1 .y-j)ln y N x AS( 1 . X ) of the 
quantum well layer to match the lattice constant of the 
material of the gallium arsenide layers, and set the 

5 bandgap of the AI^Ga^ . y . Z ) ln y N x As (1 . x) of the quantum 
well layer to a value corresponding to light generation at 
the desired wavelength, greater than one micron. 

The sum of y and z in the Al z Ga^ 1 . y . z) ln y N x AS( 1 . x j 
may be unity, in which case, the quantum well layer is a 

10 layer of aluminum indium nitride arsenide 
Al z Ga(o)ln y N x AS( 1 . X ). The values of y and z set the lat- 
tice constant of the Al z Ga (1 . y .2)ln y N x AS( 1 . X ) of the 
quantum well layer to match the lattice constant of the 
material of the gallium arsenide layers, and set the 

is bandgap of the Al z Ga^ _ y . Z ) ln y N x As^ _ x) of the quantum 
well layer to a value corresponding to light generation at 
the desired wavelength, greater than one micron. 

Brief Description of the Drawings 

20 

Figure 1A is a cross-sectional view of a VCSEL 
according to the invention. 

Figure 1B is an enlarged cross-sectional view of 
part of the quantum well region of a VCSEL according 
25 to the invention. 

Figure 2 is a schematic depiction of a system that 
can be used for growing the layer structure including a 
layer of GaNAs in which VCSELs according to the 
invention are made. 

30 

Detailed Description of the Invention 

Figure 1A shows an embodiment 101 of a vertical 
cavity surface emitting laser (VCSEL) according to the 

35 invention. The VCSEL 101 generates infra-red light of 
wavelength X that is radiated along the optical axis 105. 
The VCSEL is composed of the gallium arsenide 
(GaAs) substrate 127, the lower mirror region 107 adja- 
cent the substrate, and the upper mirror region 111. The 

40 upper and lower mirror regions include layers of GaAs 
or aluminum gallium arsenide (AIGaAs). The active 
region 125 is sandwiched between the upper and lower 
mirror regions. The active region, the lower minor region 
and the upper minor region collectively constitute the 

45 optical cavity 1 03, the lateral extent of which in the radial 
direction r, perpendicular to the optical axis, is defined 
by the low-conductivity zone 113, which surrounds the 
core zone 115. The active region is composed of the 
light-generating region 109 sandwiched between the 

so lower cladding layer 137 and the upper cladding layer 
139. The cladding layers are a doped portion of the gal- 
lium arsenide layers 138 and 140. The gallium arsenide 
layers may alternatively be layers of AIGaAs. 

The light-generating region 109 is centered in the 

55 active region 1 25, and is composed of the quantum well 
region 155 sandwiched between the lower separate 
confinement heterojunction (SCH) layer 151 and the 
upper SCH layer 153. The lower and upper SCH layers 
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are respectively undoped portions of the lower and 
upper gallium arsenide layers 138 and 140. The quan- 
tum well region is composed of at least one quantum 
well layer 157 of gallium nitride arsenide GaN x As (1 . x) 
which has a lower bandgap than gallium arsenide. The 
bandgap of gallium nitride arsenide decreases as the 
fraction of nitrogen x increases. In the VCSEL 101 , the 
fraction of nitrogen in the gallium nitride arsenide of the 
quantum well layer is that which gives a bandgap corre- 
sponding to light generation at a desired wavelength, 
greater than one micron. For example, a nitrogen frac- 
tion of about 0.03 gives a bandgap of 0.95 eV, which 
corresponds to light generation at 1 .3 jam, a nitrogen 
fraction of 0.04 gives a bandgap of 0.8 eV, which corre- 
sponds to light generation at 1 .55 urn. In the VCSEL 
101, the thickness of the layers in the upper and lower 
mirror regions and the thickness of the active layer all 
correspond to the wavelength of the light generated by 
the quantum well region. 

Gallium nitride arsenide has a smaller lattice con- 
stant than gallium arsenide, since some of the arsenic 
atoms in gallium arsenide are replaced with nitrogen 
atoms, which have a substantially smaller covalent 
bonding distance. Accordingly, there is lattice mismatch 
between gallium nitride arsenide and pure gallium arse- 
nide. The lattice mismatch increases as the fraction of 
nitrogen is increased above zero. For example, in the 
VCSEL 101, there is a lattice mismatch between the 
gallium nitride arsenide of the quantum well layer 155 
and the GaAs or AIGaAs of the gallium arsenide layers 
138 and 140 and the mirror regions 107 and 111, and 
the GaAs of the substrate 127. However, the lattice mis- 
match is small at nitrogen fractions less than about 
10%, so that with layer thicknesses less than about 100 
A, the lattice mismatch can be accommodated by strain 
in the layers instead of by dislocations. Despite the lat- 
tice mismatch, the quantum well layer will grow on the 
lower gallium arsenide layer 138 without dislocations, 
and the upper gallium arsenide layer 140 and the layers 
of the upper mirror region 1 1 1 will grow on the quantum 
well layer without dislocations. * 

If strain in the quantum well layer 155 is undesira- 
ble, indium gallium nitride arsenide may alternatively be 
used as the material of the quantum well layer. The frac- 
tions of indium and nitrogen in the indium gallium nitride 
arsenide may be set to provide the material of the quan- 
tum well layer with a band gap corresponding to light 
emission at the desired wavelength, greater than one 
micron, e.g., 1.3 urn or 1.55 fim, and a lattice constant 
equal to that of the GaAs or AIGaAs of the adjacent gal- 
lium arsenide layers 138 and 140. 

Figure 1A shows a cross sectional view of the 
VCSEL 101 in the plane of the optical axis 105 and per- 
pendicular to the plane of the light-generating region 
109. It should be noted that Figures 1A and 1B do not 
show the VCSEL to scale. The thicknesses of all the lay- 
ers of the VCSEL except the substrate 127 have been 
increased to show the layers more clearly. In actual 



devices, the thickness of the substrate is approximately 
500 jim. while the combined thickness of the lower and 
upper mirror regions 107 and 1 1 1 and the active region 
125 is about 6-7 urn. The light emission port 129 in the 

5 electrode 131 is typically about 10 ^m across. Moreo- 
ver, since the lower mirror region 107 and the upper mir- 
ror region 1 1 1 each typically include tens of layers, most 
of the layers have been omitted from the depiction of 
these regions to simplify the drawing. Also, since the 

10 thickness of the light-generating region 109 is small 
compared with that of the active region 125, the light 
generating region is shown in more detail in Figure 1B. 
Finally, the terms upper and lower are respectively used 
in this description to denote remoteness or proximity of 

75 various elements relative to the substrate 127, and not 
to indicate any particular spatial orientation. 

The VCSEL 101 is one of many VCSELs formed 
simultaneously by processing operations that epitaxially 
grow a succession of layers on the surface of a GaAs 

20 wafer to form a layer structure. After the layer structure 
has been formed, the individual VCSELs are defined in 
the layer structure by implanting to form a low-conduc- 
tivity zone defining the core zone of each VCSEL. The 
wafer with the layer structure formed on its surface is 

25 then divided into individual VCSELs or arrays of 
VCSELs. 

The substrate 1 27 is a small part of a wafer of GaAs 
typically about 500 jim thick and about 50-75 mm in 
diameter. The lower mirror region 107 is preferably a 

30 distributed Bragg reflector, as shown in Figure 1 A. Dis- 
tributed Bragg reflectors have a periodic structure of 
thin semiconductor or dielectric layers with alternating 
higher and lower refractive indices. For example, the 
distrfouted Bragg reflector constituting the lower mirror 

35 region 107 may consist of 32.5 pairs of alternating AlAs 
and GaAs layers, for example, the layers 133 and 135, 
epitaxially grown on the substrate 127. The layers of 
AlAs and GaAs are preferably grown by molecular beam 
epitaxy (MBE) or metal-organic chemical vapor deposi- 

40 tion (MOCVD). Each layer of the distributed Bragg 
reflector constituting the lower mirror region has a phys- 
ical thickness of qX/4n 1f where n 1 is the refractive index 
of the material of the layer, and q is an odd integer. Alu- 
minum gallium arsenide (AIGaAs), which has almost the 

45 same lattice constant as that of GaAs, may be used in 
the lower mirror region instead of AlAs or instead of 
GaAs. Two different forms of AIGaAs, each with a differ- 
ent fraction of aluminum, may also be used instead of 
both the AlAs and GaAs. Finally. AIGaAs may be used 

so between the AlAs and the GaAs in the lower mirror 
region to increase the electrical conductivity of the lower 
mirror region. 

The active region 125 is grown on the lower mirror 
region 107. The active region has a total thickness of 

55 pxl2n 2 where n 2 is the average refractive index of the 
materials of the active region, and p is an integer. The 
active region is composed of the light-generating region 
109 sandwiched between the lower cladding layer 137 
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and the upper cladding layer 139. The lower cladding 
layer is a layer of doped GaAs. epitaxially grown on the 
lower mirror region, preferably by MBE or MOCVD. The 
light-generating region 109 is undoped, and is grown on 
the lower cladding layer. The light-generating region will 
be described in more detail below. The upper cladding 
layer is a layer of GaAs epitaxially grown on the light- 
generating region, preferably by MBE or MOCVD. Alu- 
minum gallium arsenide may be used instead of gallium 
arsenide in the upper and lower cladding layers. As 
noted above, the lower and upper cladding layers consi- 
tute doped portions of the lower and upper gallium arse- 
nide layers 138 and 140. The lower and upper gallium 
arsenide layers also respectively include the lower and 
upper SCH layers, part of the light generating region 
109. 

The upper minor region 11 1 is preferably a distrib- 
uted Bragg reflector, as shown in Figure 1 A. For exam- 
ple, the distributed Bragg reflector constituting the 
upper mirror region 1 1 1 may consist of 20 pairs of alter- 
nating AlAs and GaAs layers epitaxially grown on the 
active region 125, preferably by MBE or MOCVD. Each 
layer of the distributed Bragg reflector constituting the 
upper mirror layer has a physical thickness of qA/4n 1t 
where n t is the refractive index of the material of the 
layer, and q is an odd integer. Aluminum gallium arse- 
nide may be used in the upper mirror region similarly to 
its use, described above, in the lower mirror region. 

The upper mirror region 111 may alternatively be a 
distributed Bragg reflector composed of alternating die- 
lectric layers, for example, layers of silicon dioxide Si0 2 
and titanium dioxide Ti0 2 . Silicon nitride Si 3 N 4 may be 
used instead of silicon dioxide. A distributed Bragg 
reflector composed of alternating dielectric layers has 
fewer pairs of layers than a distributed Bragg reflector 
composed of alternating semiconductor layers of equal 
reflectivity. 

The materials of the lower and upper mirror regions 
107 and 11 1 , the materials of the lower and upper clad- 
ding layers 137 and 139 of the active region 125, and 
the materia) of the substrate 127 are doped with suitable 
dopants to make them electrically conductive. The lower 
mirror region is doped with either p-type dopant or an n- 
type dopant, and the upper mirror region is doped with 
the opposite type of dopant. The lower cladding layer is 
doped to have the same conductivity type (p-type or n- 
type) as the lower minor layer. The upper cladding layer 
is doped to have the same conductivity type as the 
upper mirror layer. The light generating layer 109 is 
undoped. Therefore, the mirror regions 107 and 111, 
their adjacent cladding layers 137 and 139, and the 
light-generating region 109 collectively form a p-i-n or 
an n-i-p diode. 

The substrate 127 is doped with an n-type dopant. 
If the lower mirror region 107 is doped with a p-type 
dopant, an additional pair of layers (not shown), repec- 
tively degeneratively doped with a p-type dopant and an 
n-type dopant to form a tunnel junction, is interposed 



between the lower mirror region and the substrate. The 
tunnel junction provides a conduction path with a low 
voltage drop between the lower mirror region and the 
substrate. 

5 The lower mirror region 107, the upper mirror 
region 111 and the active region 125 form the optical 
cavity 103 in which the distributed Bragg reflectors con- 
stituting the lower and upper mirror regions 1 07 and 1 1 1 
reflect most of the light generated in the light-generating 

10 region 109 back into the active region 125. Wave inter- 
ference within the layers of the distributed Bragg reflec- 
tors reduces the light to standing waves of wavelength 
X. By making the distributed Bragg reflector constituting 
the upper mirror region 1 1 1 less than totally reflective, 

75 coherent light having a wavelength of X is emitted along 
the optical axis 105 perpendicular to the plane of the 
light-generating region 109. 

The low-conductivity zone 113 is formed in the 
upper mirror region 1 1 1 by ion implantation, preferably 

so performed using hydrogen ions. Ions of other suitable 
elements, such as helium or oxygen, may alternatively 
be used. Because ion implantation disrupts the crystal 
structure, the low-reflectivity zone does not usually 
extend into the active region 125, but stops short in the 

25 upper mirror region as shown. 

The low-conductivity zone 1 1 3 may alternatively be 
defined by forming a native oxide region surrounding 
the core zone 1 15 in at least one layer of the upper mir- 
ror region 111. 

30 The low-conductivity zone 113 defines the lateral 
extent of the optical cavity 103 in the plane of the light- 
generating region 109. The lateral extent of the optical 
cavity corresponds approximately to the boundary 159 
between the core zone 115 and the low-conductivity 

35 zone. The implantation in the low-conductivity zone 
causes the upper minor region to have a lower electrical 
conductivity in the low-conductivity zone than in the 
core zone. This confines the flow of laser current 
through the upper mirror region to the core zone, and 

40 also confines the flow of laser current through the active 
region 125 to a zone substantially coextensive with the 
core zone. 

The electrode 131 is a metallized electrode of the 
appropriate type for the conductivity type of the material 

45 of the upper mirror region 111, and is located on the sur- 
face 147 of the upper mirror region, remote from the 
active region 125. The electrode is centered on the opti- 
cal axis 105. The electrode is formed to include the light 
emission port 129 through which the light generated by 

so the VCSEL is emitted. The light emission port is also 
centered on the optical axis, and has a lateral extent 
less than that of the core zone 1 15 so that part of the 
electrode 131 overlaps the core zone to provide a low 
resistance path for current to flow between the electrode 

55 and the core zone. The top layer of the upper mirror 
region may be a current-spreading layer composed of 
highly-doped GaAs that provides a highly-conductive 
path between the electrode and the core zone. 
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An upper minor region 1 1 1 composed of a distrib- 
uted Bragg reflector having alternating dielectric layers 
is non-conductive, and requires that the electrode 131 
contact the active region 1 25 directly. 

The electrode 143 is located on the back surface 
145 of the substrate 127, and is a metallized electrode 
of the appropriate type for the conductivity type of the 
substrate. 

The light-generating region 109 is shown in greater 
detail in Figure IB. The light-generating region is 
located centrally in the active region 125. The light-gen- 
erating region is composed of the quantum well region 
155 sandwiched between the lower separate confine- 
ment heterojunction (SCH) layer 151 and the upper 
SCH layer 153. To simplify the drawing, Figure 1B 
shows a single quantum well structure in which the 
quantum well region is composed of the single quantum 
well layer 157. However, a multiple quantum well struc- 
ture, in which the quantum well region is composed of 
multiple quantum well layers separated by respective 
barrier layers, increases the optical gain of the light-gen- 
erating region. In a multiple quantum well structure, at 
least one additional quantum well layer and a respective 
barrier layer (not shown) is interposed between the 
quantum well layer 157 and one of the adjacent SCH 
layers. 

The lower SCH layer 151 and the upper SCH layer 
1 53 are preferably layers of GaAs or AIGaAs and consti- 
tute an undoped portion of the lower gallium arsenide 
layer 138 and the upper gallium arsenide layer 140, 
respectively. The lower gallium arsenide layer is grown 
using doped GaAs or AIGaAs to form the lower cladding 
layer 137, and the lower SCH layer is formed by contin- 
uing the growth process with the supply of the dopant 
turned off. The upper gallium arsenide layer is grown on 
the quantum well region 155, initially using undoped 
GaAs or AIGaAs to form the upper SCH layer. The 
upper cladding layer 139 is then formed by turning a 
supply of a suitable dopant on and continuing the 
growth of the upper gallium arsenide layer. 

The quantum well layer 157 is a layer of gallium 
nitride arsenide GaN x Ast. x . Gallium arsenide has a 
band gap of 1 .42 eV, which corresponds to light emis- 
sion at a wavelength of less than one micron. Gallium 
nitride arsenide in which the fraction of nitrogen in the 
range of about 0.01-0.1, i.e., 0.01 < x £0.1, has a band 
gap that corresponds to light emission at wavelengths of 
greater than one micron. For example, a nitrogen frac- 
tion x of about 0.03 results in a band gap of about 0.95 
eV, which corresponds to light emission at a wavelength 
of about 1.3 nm, and a nitrogen fraction of about 0.04 
results in a band gap of about 0.8 eV, which corre- 
sponds to light emission at a wavelength of about 1.55 
iim. 

A nitrogen fraction x of greater than zero in gallium 
nitride arsenide GaN x As Vjr causes a lattice mismatch 
between the gallium nitride arsenide of the quantum 
well layer 157 and the GaAs or AIGaAs of the adjacent 



gallium arsenide layers 138 and 140. Nitrogen has a 
much smaller covalent radius than arsenic, so replacing 
some of the arsenic atoms in gallium arsenide with 
nitrogen atoms causes the resulting gallium nitride 

5 arsenide to have a smaller lattice constant from that of 
gallium arsenide. However, with a value of x of about 
0.03, which is sufficient to provide gallium nitride arse- 
nide with a bandgap low enough for light emission at a 
wavelength of 1 .3 jim, and a quantum well layer thick- 

w ness of less than about 100 A, the resulting lattice mis- 
match can simply be accommodated by strain in the 
layers. 

Increasing the nitrogen fraction decreases the criti- 
cal thickness at which lattice defects, such as disloca- 

75 tions, occur in the quantum well layer. Lattice defects 
allow the quantum well layer to relax to its natural, 
unstrained lattice constant, but disrupt the electrical 
parameters of the light-generating region 109, and may 
impair the reliability of the VCSEL. For example, a nitro- 

20 gen fraction x significantly higher than about 0.1 may 
result in a critical thickness less than the desired thick- 
ness of the quantum well layer. Accordingly, the fraction 
of nitrogen in the gallium nitride arsenide and the thick- 
ness of the quantum well layer are set to prevent such 

25 dislocations. A higher maximum nitrogen fraction can 
be used if the thickness of the quantum well layer is 
small. In a practical embodiment, the nitrogen fraction 
was about 0.03 and the quantum well layer 157 was 
about 80 A thick. 

30 If strain in the quantum well layer 157 is undesira- 
ble, or if the nitrogen fraction required to produce the 
band gap corresponding to the desired wavelength 
results in a critical thickness less than the desired thick- 
ness of the quantum well layer, the quantum well layer 

35 has to be lattice matched to the adjacent gallium arse- 
nide layers 138 and 140. The lower gallium arsenide is 
lattice matched to the lower mirror region 107 and the 
substrate 127. This can be done by using gallium 
indium nitride arsenide <3a^n y H x fis^ x as the material 

40 of the quantum well layer. Indium has a greater covalent 
bonding radius than gallium, so substituting some of the 
gallium atoms in gallium nitride arsenide with indium 
atoms results in gallium indium nitride arsenide with a 
greater lattice constant than pure gallium nitride arse- 

45 nide with the same value of x. The increase in the lattice 
constant depends on the indium fraction y. With an 
appropriate choice of the values of the nitrogen fraction 
x and the indium fraction y, the lattice constant of gal- 
lium indium nitride arsenide can be matched that of the 

so gallium arsenide substrate 1 27, and its band gap can be 
set to that corresponding to light emission at the desired 
wavelength, greater than one micron. For example, M. 
Kondow et a., GalnNAs: a Novel Material for Long- 
Wavelength Range Laser Diodes with Excellent High- 

55 Temperature Performance, 35 JP. J. APPL PHYS., 
1273-1275 (1996 February) report photoluminescence 
at about 1 230 A from a 70 A single quantum well struc- 
ture with a quantum well layer of Gao.7lno.3No.01Aso.99. 
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A nitrogen fraction of about 0.03, corresponding to light 
generation at about 1 .3 V™. would require a larger value 
of the indium fraction y in the range of about 0.04 to 
about 0.14, with a preferred value of 0.09. to maintain 
lattice matching with the GaAs or AIGaAs of the adja- $ 
cent gallium arsenide layers 138 and 140. A nitrogen 
fraction of about 0.04, corresponding to light generation 
at about 1.55 *im, would require a value of the indium 
fraction y in the range of about 0.07 to about 0.17, with 
a preferred value of 0.12, to maintain lattice matching 70 
with the GaAs or AIGaAs of the adjacent gallium arse- 
nide layers 138 and 140. 

Other materials with the potential for lattice match- 
ing with GaAs or AIGaAs, and having a band gap suffi- 
ciently low for light generation at desired wavelengths 75 
greater than one micron include aluminum indium 
nitride arsenide Ali.ylnyN x Asv* and aluminum gallium 
indium nitride arsenide AI^Ga^y^lnyN^As^jf. 

As a further alternative, indium nitride arsenide, 
lnN x As-|. x , may be used as the material of the quantum 20 
well layer 157. With an appropriate choice of the value 
of x, indium nitride arsenide has a lattice constant that 
matches that of the GaAs or AIGaAs of the adjacent gal- 
lium arsenide layers 138 and 140. Indium nitride arse- 
nide also has a band gap sufficiently low for light 25 
generation at wavelengths greater than one micron. The 
lattice constant of gallium arsenide is 5.66 A, and that of 
aluminum gallium arsenide is very similar. The lattice 
constant of indium arsenide is 6 A , whereas that of 
indium nitride is 5 A. Thus, the lattice constant of indium 30 
nitride arsenide lnN x Asi. x can be made to match that of 
gallium arsenide or aluminum gallium arsenide by 
selecting the appropriate value of x. 

The bandgap of indium arsenide is 0.36 eV and that 
of indium nitride is 2.2 eV. Thus, values of the fraction x 35 
of nitrogen in indium nitride arsenide lnN x As-|_ x below a 
first threshold value result in a band gap less than or 
equal to 0.95 eV, which corresponds to light generation 
at 1.3 iim, and values below a second threshold value 
result in a band gap less than or equal to 0.8 eV, which 40 
corresponds to light generation at 1 .55 \itn. However, 
the value of x at which the lattice constant of an indium 
gallium arsenide quantum well layer 157 matches that 
of the GaAs or AIGaAs of the adjacent gallium arsenide 
layers 138 and 140 may not be the value of x that 45 
results in a band gap corresponding to light generation 
at the desired wavelength, greater than one micron, 
e.g., 1.3 or 1.55 nm. Adding gallium, aluminum or both 
gallium and aluminum to indium nitride arsenide results 
in a material that is lattice matched to the GaAs or so 
AIGaAs of the gallium arsenide layers 138 and 140 and 
has a bandgap corresponding to light generation at a 
desired wavelength, greater than one micron, e.g., 1.3 
or 1 .55 iim, as described above. The fraction of gallium 
and/or aluminum that must be added to produce the ss 
desired band gap and lattice constant depends on the 
thickness of the quantum well layer. 

Figure 2 shows the arrangement of an example of a 



system that may be used to make long-waveiength 
infra-red VCSELs having at least one gallium nitride 
arsenide quantum well layer. A similar system can be 
used to make long-wavelength infra-red VCSELs having 
at least one gallium indium nitride arsenide, aluminum 
indium nitride arsenide, or aluminum gallium indium 
nitride arsenide quantum well layer. The system shown 
is used to make multiple VCSELs simultaneously on a 
gallium arsenide water by eptaxially growing a layer 
structure on the water using gas-source molecular 
beam epitaxy (MBE). The layer structure may alterna- 
tively be grown on the water in other ways, such as 
metal-organic chemical vapor deposition (MOCVD), 
using a different type of system. After the layer structure 
has been grown on the wafer, the water with its layer 
structure is divided into individual VCSELs by implanta- 
tion to form a low-conductivity zone that surrounds the 
core zone of each VCSEL The back side of the wafer is 
metallized, and an electrode connected to the core zone 
of each VCSEL is formed on the top surface of the layer 
structure. Finally, the wafer with its layer structure is 
physically divided into individual VCSELs or VCSEL 
arrays. 

In the system 200 shown in Figure 2, the wafer 201 
is mounted on the water holder 202 located inside the 
growth chamber 203. Included in the water holder, but 
not shown, are elements for heating the wafer to a pre- 
determined temperature and for measuring the temper- 
ature of the wafer. 

The interior of the growth chamber 203 is con- 
nected to an ion pump and a cryo pump (not shown) via 
the outlets 204 and 206, respectively. These pumps 
maintain a base pressure in the range of about 10 10 to 
about 10* 11 torr inside the growth charrtber. However, 
the pressure will rise above the base pressure when 
fluxes of atoms are introduced into the growth chamber. 
The system includes a series of load locks (not shown) 
to enable wafers to be introduced into the interior ofthe 
growth chamber without exposing the interior to atmos- 
pheric contamination. 

A number of effusion cells, for example, the effusion 
cells 210, 212, 214, 216 and 218, also communicate 
with the interior of the growth chamber 203 and face the 
water 201. Effusion cells are also known in the art as 
Knudsen cells (K-cells) or source furnaces. Each effu- 
sion cell is the source of a flux of atoms or molecules of 
a different chemical element that will be a constituent of 
the materials of the layers grown on the surface of the 
water 201. Although not shown, each effusion cell 
includes a heating element for heating the chemical ele- 
ment in the effusion cell to a predetermined tempera- 
ture, and a temperature sensor for measuring the 
temperature of the chemical element in the effusion cell. 
The effusion cells 210, 212, 214, 216 and 218 respec- 
tively include the remotely-operated shutters 230, 232, 
234, 236 and 238 that control the flux of atoms or mole- 
cules generated by the effusion cell. 

A respective chemical element is placed in solid 
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form in each effusion cell. In the example of the system 
200 shown in Figure 2, aluminum is placed in the effu- 
sion cell 210, gallium is placed in the effusion cell 212, 
beryllium is placed in the effusion cell 214, silicon is 
placed in the effusion cell 216, and arsenic is placed in 5 
the effusion cell 218. 

The chemical element in each of the effusion cells 
210-218 is heated by the heating element to a predeter- 
mined temperature to generate the flux of atoms or mol- 
ecules directed towards the water 201 . Whether the flux 10 
is of atoms or molecules depends on the element. To 
simplify the following description, atoms and molecules 
will be referred to collectively as "atoms." The flux of the 
atoms from each effusion cell depends on the tempera- 
ture of the effusion cell and the position of the shutter of 15 
the effusion cell. 

Other systems may have more or fewer effusion 
cells than shown in Figure 2. For example, if the mate- 
rial of the quantum well layer 157 is gallium indium 
nitride arsenide, an additional effusion cell for generat- 20 
ing a flux of indium atoms is required. 

The system 200 also includes the electron cyclo- 
tron resonance (ECR) plasma source 220 that provides 
the nitrogen constituent of gallium nitride arsenide. The 
ECR plasma source will be described in more detail 25 
below. 

Operation of the system 200 to grow the layer struc- 
ture from which the VCSEL 100 is formed will now be 
described with reference to Figures 1 and 2. In the 
VCSEL 1 00, the lower mirror region 1 07 is composed of 30 
alternating layers of AlAs and GaAs or AIGaAs epitaxi- 
ally grown on the GaAs substrate 127. Hence, the first 
layer of the layer structure grown on the wafer 201 is a 
layer of AlAs. To grow the first layer of AlAs on the wafer, 
a small part of which will constitute the substrate 1 27 of 35 
the VCSEL 101, wafer is mounted on the substrate 
holder 202 in the interior of the growth chamber 203. 
The wafer is then heated to a temperature between 
about 500°C and 700°C. 

The effusion cell 210 is heated to a temperature at 40 
which it generates the required flux of aluminum atoms. 
To provide a growth rate of about 1 nm/hour, a flux of 
about 6 x 10 14 aluminum atoms/crr^/sec is required. 
The effusion cell 218 is heated to a temperature at 
which it generates a substantially greater flux of arsenic 45 
atoms than the flux of aluminum atoms generated by 
the effusion cell 210. The fluxes of atoms impinge on 
the surface of the water and atoms from the fluxes bond 
to the wafer and to one another to form an epitaxial layer 
of AlAs having the same crystalline structure as that of so 
the GaAs of the wafer. Excess arsenic atoms that have 
not bonded to corresponding aluminum atoms are 
removed by the pumps connected to the outlets 204 and 
206 or are deposited on the inside walls of the growth 
chamber203. 55 

In addition, the effusion cell 214 and the effusion 
cell 216 are heated to a temperature at which they 
respectively generate beryllium or silicon atoms at a flux 



of between about 1 0' 6 and about 1 0" 1 of that of the flux 
of aluminum atoms generated by the effusion cell 210. 
Then, either the shutter 234 of the effusion cell 214 or 
the shutter 236 of the effusion cell 21 6 is opened to pro- 
vide a flux of dopant to dope the layer of AlAs. If the 
shutter 234 of the effusion cell 214 is opened, the flux of 
beryllium atoms dopes the AlAs p-type, whereas if the 
shutter 236 of the effusion cell 216 is opened, the flux of 
silicon atoms dopes the AlAs n-type. 

The effusion cell 212 is also heated to a tempera- 
ture at which it generates a flux of gallium atoms com- 
parable to the flux of aluminum atoms generated by the 
effusion cell 210. When the layer of AlAs reaches the 
required thickness of A74n 3 , where X is the desired 
wavelength of the light to be generated by the VCSEL 
(e.g., 1.3 or 1.55 jim) and n 3 is the refractive index of 
AlAs, the shutter 232 of the effusion cell 212 is opened 
to admit the flux of gallium atoms into the growth cham- 
ber 203, and, at the same time, shutter 230 on the effu- 
sion cell 210 is closed to switch off the flux of aluminum 
atoms entering the growth chamber. The flux of atoms 
from the effusion cells 218 and either 214 or 216 is 
maintained. The gallium and arsenic atoms deposit on 
the AlAs layer to form GaAs having the same crystalline 
structure as that of the AlAs layer, and, hence, of the 
underlying GaAs water. Beryllium atoms or silicon 
atoms from the effusion cell 214 a 216, respectively, 
dope the GaAs to have the same conductivity type as 
that of the AlAs just deposited. Excess arsenic atoms 
that have not bonded to corresponding gallium atoms 
are removed by the pumps connected to the outlets 204 
and 206 or are deposited on the inside walls of the 
growth chamber. 

When the layer of GaAs reaches the required thick- 
ness of X/4n 4 , where n 4 is the refractive index of GaAs, 
another layer of AlAs is grown on the layer of GaAs by 
opening the shutter 230 of the effusion cell 210 and 
closing the shutter 232 of the effusion cell 212 to 
replace the flux of gallium atoms with a flux of aluminum 
atoms. The flux of atoms from the effusion cells 21 8 and 
either 214 or 216 is maintained. 

The shutters 230 and 232 of the effusion cells 210 
and 212, respectively, are cycled as just described 
about 30 times to form the lower mirror region 107 com- 
posed of about 30 pairs of alternating doped AlAs and 
GaAs layers. 

In the course of growing the lower mirror region 
107, the shutters 230 and 232 of the effusion cells 210 
and 212, respectively, may be positioned so that fluxes 
of both aluminum atoms and gallium atoms are simulta- 
neously directed towards the wafer 201 so that layers of 
AIGaAs can be grown instead of, or in addition to, the 
layers of AlAs and GaAs, as described above. 

When growth of the lower mirror region 107 is com- 
plete, a layer of GaAs or AIGaAs is then grown in the 
way just described on the top layer of the lower mirror 
region to form the lower gallium arsenide layer 138. The 
lower gallium arsenide layer is initially doped with a flux 
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of dopant from the effusion cell 214 or 216 to have the 
same conductivity type as the lower mirror region and to 
form the lower cladding layer 137. 

When the part of the lower gallium arsenide layer 
138 constituting the lower cladding layer 137 reaches its 
required thickness, the shutter 234 or 236 of the respec- 
tive effusion cell 214 or 216 supplying the dopant is 
closed to such off the flux of dopant. However, the flux 
from the effusion cells 212 and 218 is maintained to 
continue growing the gallium arsenide layer by growing 
additional, undoped, GaAs or AIGaAs on the lower clad- 
ding layer to form the lower SCH layer 1 51 . 

When the lower SCH layer has reached a thickness 
in the range of about 500-1,000 A, a layer of gallium 
nitride arsenide is grown on the lower gallium arsenide 
layer 138 to form the quantum well layer 157. The shut- 
ters 232 and 238 of the effusion cells 212 and 218. 
respectively, are kept open to provide respective 
streams of gallium atoms and arsenic atoms. However, 
gallium nitride arsenide cannot simply be made by 
directing a stream of nitrogen molecules towards the 
heated wafer 201, together with the fluxes of gallium 
atoms and arsenic atoms. Molecular nitrogen is too sta- 
ble for its constituent atoms to bond to the gallium atoms 
when the nitrogen molecules contact the heated wafer. 
A wafer temperature of over 3,500°C would be required 
to break the nitrogen molecule into its constituent 
atoms. The system 200 therefore lacks a simple injector 
fa nitrogen gas molecules. Instead, the electron cyclo- 
tron resonance (ECR) plasma source 220 is used to 
generate a stream of ionized nitrogen molecules and 
excited nitrogen molecules for injection into the growth 
chamber 203. Ionized nitrogen molecules and excited 
nitrogen molecules readily bond with gallium atoms on 
contact with the heated wafer. 

Nitrogen gas from a suitable source (not shown) is 
passed via the mass flow controller (MFC) 222, the 
valve 224, the gas purification filter 226, and the valve 
228 to the ECR plasma source 220. The ECR plasma 
source subjects the electrons of the nitrogen gas mole- 
cules to microwave energy at a frequency of about 2.45 
GHz, which is their cyclotron resonance frequency. This 
ionizes some of the nitrogen molecules and excites oth- 
ers of the nitrogen molecules to a higher-energy state. 
The resulting stream of such molecules passes from the 
ECR plasma source 220 into the growth chamber 203 
and meets the streams of gallium atoms and arsenic 
atoms at the surface of the heated wafer 201 . The con- 
stituent atoms of such nitrogen molecules bond with the 
gallium atoms on contact with the heated wafer. The 
flow of nitrogen into the ECR plasma source is set such 
that nitrogen atoms constitute a fraction of between 
0.01 and 0.1 of the combined arsenic and nitrogen 
atoms. The flow is set such that nitrogen atoms consti- 
tute a fraction of about 0.03 of the combined arsenic 
and nitrogen atoms when the VCSEL 101 is to generate 
light at 1 .3 *im, and about 0.04 of the combined arsenic 
and nitrogen atoms when the VCSEL 101 is to generate 



light at 1.55 *im. 

The optical gain of the VCSEL 101 is highly 
dependent on the optical quality of the layer structure of 
the VCSEL, and, in particular, on the optical quality of 

5 the quantum well region 155. The optical quality of the 
quantum well region depends in turn on the quality of 
the crystal structure of the material of the quantum well 
layer 157. Moreover, the optical quality of the layers 
grown on the quantum well layer depends on the quality 

10 of the crystal structure of the quantum well layer. This, 
the quantum well layer must be grown in a way that pro- 
vides a high-quality crystal structure. The ECR plasma 
source 220 can generate nitrogen ions and excited 
nitrogen atoms with sufficient energy to disrupt the crys- 

75 tal structure of the gallium nitride arsenide of the quan- 
tum well layer. Accordingly, it is desirable to minimize 
the power level of the microwave energy fed to the ECR 
plasma source so that the nitrogen ions and excited 
nitrogen atoms are generated at as low an energy as 

20 possible. Moreover, the ECR plasma source may incor- 
porate a graphite electrode to moderate the energy of 
the nitrogen ions and improve the optical quality of the 
quantum well layer. As a further alternative, lower- 
energy nitrogen ions and excited nitrogen atoms may be 

25 generated using an RF plasma source. As a yet further 
alternative, a stream of a chemical source of nitrogen 
such as ammonia or hydrogen azide may be directed 
towards the surface of the wafer 201. If ammonia is 
used as the nitrogen source, it can be pre-cracked prior 

30 to injection into the growth chamber 203, or it can be 
cracked by the temperature of the wafer. 

The above-described layer structure may be epitax- 
ially grown on the wafer 201 using MOCVD instead of 
gas source MBE. When MOCVD is used, hydrazine, 

35 dimethyl hydrazine, or ammonia may be used as nitro- 
gen precursors in forming the quantum well layer 157. 

When the quantum well layer 1 57 is grown, the tem- 
perature of the wafer 201 may be changed from that at 
which the lower mirror region 107 and the lower gallium 

40 arsenide layer 138 were grown. The quality of the crys- 
tal structure of the quantum well layer is optimized by 
growing the quantum well layer with the wafer at as high 
a temperature as possible. This temperature may be as 
high as about 800°C when the quantum well layer is a 

45 layer of gallium nitride arsenide grown by gas-source 
MBE. Temperatures as high as about 1100°C may be 
used when a gallium nitride arsenide quantum well layer 
is grown using MOCVD. These maximum temperatures 
must be reduced when the quantum well layer includes 

so indium. For example, de-sorption of indium may occur 
at temperatures above about 600°C when a layer of gal- 
lium indium nitride arsenide is grown by gas-source 
MBE. 

Growth of the gallium nitride arsenide layer is con- 
55 tinued until the quantum well layer 157 reaches the 
required thickness in the range of 50-100 A. The flow of 
nitrogen gas to the ECR plasma source 220 is then 
turned off. Alternatively, the f tow of nitrogen gas may be 
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maintained and the supply of microwave energy to the 
ECR plasma source turned off. The resulting non-ion- 
ized/non-excited nitrogen molecules do not combine 
with the gallium atoms on contact with the heated wafer 
201 , and are removed from the growth chamber 203 by 
the pumps connected to the outlets 204 and 206. 

When the flow of nitrogen gas or the microwave 
energy supply is turned off, the shutters 232 and 238 of 
the effusion cells 212 and 218, respectively, are kept 
open to grow a layer of GaAs on the gallium nitride arse- 
nide of the quantum well layer. Also, the shutter 230 of 
the effusion cell 210 may be re-opened to grow a layer 
of AIGaAs instead of a layer of GaAs. Because the gal* 
Hum nitride arsenide of the quantum well layer is 
strained, and has the same lattice constant as the 
underlying lower gallium arsenide layer 138, the layer of 
GaAs or AIGaAs grows epitaxially on top of the quan- 
tum well layer with the same crystal structure as that of 
the lower gallium arsenide layer. 

If the light-generating region 109 is to have a multi- 
ple quantum well structure, growth of the layer of GaAs 
or AIGaAs on the quantum well layer 157 is stopped 
with the layer reaches a thickness of about 300 A. This 
layer (not shown) then constitutes a barrier layer 
between the quantum well layer and an adjacent addi- 
tional quantum well layer (not shown). The additional 
quantum well layer is grown on the barrier layer by 
switching on the supply of nitrogen gas or the supply of 
microwave energy to the ECR plasma source 220 and 
continuing growth until the additional quantum well layer 
reaches a thickness in the range of about 50-100 A. 
Several layer pairs, each composed of a GaAs or 
AIGaAs barrier layer and a gallium nitride arsenide addi- 
tional quantum well layer, may be grown on the quantum 
well layer 157 as just described. 

Irrespective of whether the light-generating region 
109 has a multiple quantum well structure or a single 
quantum welt structure, a layer of GaAs or AIGaAs is 
grown on the uppermost quantum well layer (or the 
quantum well layer 157 in a single quantum well struc- 
ture) to form the upper gallium arsenide layer. The GaAs 
or AIGaAs initially deposited is undoped, and consti- 
tutes the upper SCH layer 153. 

When the upper SCH layer 153 reaches its required 
thickness in the range of 500-1 000A, shutter 234 of the 
effusion cell 214 or the shutter 236 of the effusion cell 
216 is opened, and the shutters 232 and 238 of the effu- 
sion cells 212 and 218, respectively, are kept open to 
continue growth of the upper gallium arsenide layer 1 40 
to form the upper cladding layer 139. The shutter 230 of 
the effusion cell 210 may also be opened or kept open 
to provide an additional stream of aluminum atoms. 
Beryllium atoms from the effusion cell 214 or silicon 
atoms from the effusion cell 216 dope the upper clad- 
ding layer for the opposite conductivity type to that of the 
lower cladding layer 139 and lower mirror region 107. 
Therefore, H the shutter 234 of the effusion cell 214 was 
open when the lower mirror region and lower cladding 



layer were grown, the shutter 236 of the effusion cell 
216 is opened when the upper cladding layer is grown. 
Alternatively, if the shutter 236 of the effusion cell 216 
was open when the lower mirror region and lower clad- 
ding layer were grown, the shutter 234 of the effusion 
cell 214 is opened when the upper cladding layer is 
grown. 

When the upper cladding layer 139 reaches such a 
thickness that the total thickness of the active region 
1 25 is an integral multiple of )J2n, where X is the wave- 
length of the light generated by the VCSEL and n 2 is the 
average refractive index of the materials constituting the 
active region, a layer of AlAs constituting the first layer 
of the upper mirror region 111 is grown on the upper 
gallium arsenide layer 140. The AlAs layer is grown by 
opening the shutter 230 of the effusion cell 210 and 
closing the shutter 232 of the effusion cell 212 to switch 
off the flux of gallium atoms. The shutters of the effusion 
cells 218 and either 214 or 216 are kept open. 

The shutters 230 and 232 of the effusion cells 210 
and 212, respectively, are cycled about 20 times to form 
the upper mirror region 111. The upper mirror region is 
composed of about 20 pairs of alternating AlAs and 
GaAs or AIGaAs layers. The shutter 234 or 236 of the 
effusion cell 214 or 216 may be further opened during 
growth of the final one or two layers to increase the dop- 
ing level so that this layer or these layers act as a cur- 
rent spreading layer. Growing the final layer of the upper 
mirror region completes formation of the layer structure 
on the wafer 201. 

In the course of growing the upper mirror region 
1 1 1 , the shutters 230 and 232 of the effusion cells 210 
and 212, respectively, may be positioned so that fluxes 
of both aluminum atoms and gallium atoms are simulta- 
neously directed towards the wafer 201 so that layers of 
AIGaAs can be grown instead of, or in addition to, the 
layers of AlAs and GaAs, as described above. 

The top surface 147 of the upper mirror region 111 
of the layer structure is then masked to def ine the core 
zone of each VCSEL on the wafer. Ions, such as hydro- 
gen ions, are then implanted through the top surface to 
form the low conductivity zone that surrounds the core 
zone of each VCSEL. For example, the mask defines 
the core zone 115 of the VCSEL 101, and ions are 
implanted to form the low conductivity zone 113 sur- 
rounding the core zone of the VCSEL 101. 

The top surface 147 of the upper mirror region 111 
of the layer structure and bottom surface 145 of the 
wafer are then metallized with a metal such as gold or 
aluminum. The layer of metal deposited on the top sur- 
face of the upper mirror region is then masked to define 
the annular electrode of each VCSEL on the water. For 
example, the mask defines the annular electrode 131 of 
the VCSEL 101. The layer of metal is then etched to 
55 form the electrodes. Finally, the water is divided into 
individual VCSELs, including the VCSEL 101, or into 
arrays of VCSELs. 

Although this disclosure describes illustrative 
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embodiments of the invention in detail, it is to be under- 
stood that the invention is not limited to the precise 
embodiments described, and that various modifications 
may be practiced within the scope of the invention 
defined by the appended claims. 5 

Claims 

1. A vertical cavity surface emitting laser (VCSEL) 
(101) generating light having a desired wavelength, 10 
the desired wavelength being greater than one 
micron, the laser comprising: 

a substrate (127) consisting essentially of 
GaAs; is 
a lower mirror region (107) adjacent the sub- 
strate and lattice matched thereto; 
an upper mirror region (1 1 1) ; 
an active region (125) sandwiched between the 
upper and lower mirror regions, the active 20 
region including: 



25 



a central quantum well region (155) includ- 
ing a quantum well layer (157) consisting 
essentially of GaN x As (1 _*), the GaN x As (1 . 
x) of the quantum well layer having a lattice 
constant and a band gap dependent on x, 
x having a value that sets the bandgap of 
the GaN x AS( 1 . X ) of the quantum well layer 
to a value corresponding to light genera- 30 
. tion at the desired wavelength, greater 
than one micron, and 
a gallium arsenide layer (138, 140) sand- 
wiched between the quantum well region 6. 
and each of the lower mirror region and the 35 
upper mirror region, each gallium arsenide 
layer being a layer of a material consisting 
essentially of one of GaAs and AIGaAs, 
having a lattice constant, and being lattice 
matched to the substrate. 40 

7. 

2. The VCSEL of claim 1 , in which: 

the quantum well layer (157) is a layer consist- 
ing essentially of Ga( 1 . y )ln y N x AS(i.x)« ^ a (i- 45 
y jln y N x AS( 1 . X ) of the quantum well layer having 
a lattice constant and a band gap dependent 8. 
on x and y; and 

x and y have values that set the lattice constant 
of the Ga (1 . y) ln y N x As (1 . Jf) of the (138, 140), 
and set the bandgap of the Ga (1 . y) ln y N x As (V x) 
of the quantum well layer to a value corre- 
sponding to light generation at the desired 
wavelength, greater than one micron. 



x has a value that sets the lattice constant of 
the Ga( 1 . y )ln y N x As (1 . X ) of the quantum well 
layer to match the lattice constant of the mate- 
rial of the gallium arsenide layers. 



4. The VCSEL of claim 1 , in which: 

the quantum well layer (157) is a layer consist- 
ing essentially of AI^Ga^.^ltyN^As^.^ the 
Al z Ga( 1 . y . 2 )ln y N x As (1 . X ) of the quantum well 
layer having a lattice constant and a band gap 
dependent on x, y and z; and 
x, y and z have values that set the lattice con- 
stant of the Al z Ga( 1 _ y _ Z )ln y N x AS( 1 _ X ) of the 
quantum well layer to match the lattice constant 
of the material of the gallium arsenide layers 
(138, 1 40), and set the bandgap of the Al z Gaci. 
y . Z )ln y N x AS( 1 . x j of the quantum well layer to a 
value corresponding to light generation at the 
desired wavelength, greater than one micron. 

5. The VCSEL of claim 4, in which: 

the sum of y and z is unity; and 
y and z have values that set the lattice constant 
of the Al z Ga (1 . y . 2) ln y N x As (1 . x) of the quantum 
well layer to match the lattice constant of the 
material of the gallium arsenide layers, and set 
the bandgap of the Al j? Ga (1 . y . j? )ln y N x AS( 1 . X ) of 
the quantum well layer to a value correspond- 
ing to light generation at the desired wave- 
length, greater than one micron. 



so 



55 



3. The VCSEL of claim 2, in which: 



the value of y is unity; and 



The VCSEL of any one of the preceding claims, in 
which: 

the desired wavelength is between 1.1 and 1.6 
jim; and 

the value of x is between 0.01 and 0.1 . 

The VCSEL of any one of the preceding claims, in 
which: 

the desired wavelength is 1 .3 jim; and 
the value of x is about 0.03. 

The VCSEL of any one of the preceding claims, in 
which: 

the desired wavelength is 1 .55 ^m; and 
the value of x is about 0.04. 

The VCSEL of claim any one of the preceding 
claims, in which: 

the material of the quantum well layer has a 
critical thickness dependent on the value of x; 
and 
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the quantum well layer has a thickness of less 
than the critical thickness. 
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